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The ciliary epithelium (CE) in the adult mammalian eye harbors a mitotic quiescent population of neural stem cells. Here we have
compared the cellular and molecular properties of CE stem cells and populations of retinal progenitors that deﬁne the early and late
stages of histogenesis. The CE stem cells and retinal progenitors proliferate in the presence of mitogens and share the expression of
universal neural and retinal progenitor markers. However, the expression of the majority of retinal progenitor markers (e.g., Chx10)
is transient in the former when compared to the latter, in vitro. They are similar to early than late retinal progenitors in their pro-
liferative response to FGF2 and/or EGF. Analysis of the diﬀerentiation potential of CE stem cells shows that they are capable of
generating both early (e.g., retinal ganglion cells) and late (e.g., rod photoreceptors) born retinal neurons. However, under identical
diﬀerentiation conditions, i.e., in the presence of 1% FBS, they generate more early-born retinal neurons than late-born retinal neu-
rons showing a preference for generating early retinal neurons. Transcription proﬁling of these cells and retinal progenitors dem-
onstrate that they share 80% of the expressed genes. The CE stem cells have more unique genes in common with early retinal
progenitors than late retinal progenitors. Both proliferative/diﬀerential potential and transcription proﬁles suggest that CE stem
cells may be a residual population of stem cells of optic neuroepithelium, representing a stage antecedent to retinal progenitors.
 2005 Elsevier Ltd. All rights reserved.
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The mammalian retina is a well-characterized central
nervous system (CNS) structure, consisting of seven
major cell types, which are arranged in a stereotypical
laminar organization in the adult. These cell types are
born in an evolutionarily conserved temporal sequence:
the majority of retinal ganglion cells (RGCs), horizontal
cells, amacrine cells, and cone photoreceptors are born
during early histogenesis, whereas the majority of rods,
bipolar cells, and the Mu¨ller glia are generated during0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2004.12.017
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E-mail address: iahmad@unmc.edu (I. Ahmad).late histogenesis (Rapaport, Wong, Wood, Yasumura,
& LaVail, 2004). Underlying this cellular diversity is
the population of neural progenitors that generate
stage-speciﬁc retinal neurons and glia (Livesey & Cepko,
2001). These proliferating progenitors which are multi-
potential (Ahmad, Dooley, Thoreson, Rogers, & Aﬁat,
1999) and display a limited self-renewal potential in
the sense that they can generate neurospheres only at
high density culture (Ahmad, Das, James, Bhattacharya,
& Zhao, 2004), are normally found in the embryonic
(Ahmad et al., 1999) and early post-natal retina (James
et al., 2003; Yang, Seiler, Aramant, & Whittemore,
2002). Recent studies have identiﬁed the presence of a
mitotic quiescent population of cells in the peripheral
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Soto-Leon, & Ahmad, 2004) and ciliary epithelium
(Das, James, Zhao, Rahnenfuhrer, & Ahmad, 2004),
in response to injury and/or growth factor treatment.
Such cells are also found in other warm-blooded verte-
brates as chick (Fischer, McGuire, Dierks, & Reh,
2002; Layer, Rothermel, & Willbold, 2001; Layer &
Willbold, 1989; Reh & Fischer, 2001). Of these, those
present in the CE have been characterized in vitro for
their progenitor properties (Ahmad et al., 2004; Das
et al., 2004; Tropepe et al., 2000). These cells are multi-
potential and self-renewing, therefore fulﬁlling the min-
imum criteria for characterization as stem cells (Ahmad
et al., 2004; Morshead & van der Kooy, 2004). Because
of the origin of the CE in the optic neuroepithelium and
the neural nature of CE stem cells, it is likely that these
cells may represent a stage preceding that of retinal pro-
genitors. In order to test this hypothesis, we compared
the proliferative potential and progenitor properties of
CE stem cells with early and late retinal progenitors that
characterize the two stages of retinal histogenesis (James
et al., 2003). Next, we evaluated the potential of CE
stem cells to generate early and late born retinal neurons
and ﬁnally, the transcriptional proﬁles of the three stem
cell/progenitor populations were compared to get an in-
sight into relationship at the molecular level. These stud-
ies demonstrate a signiﬁcant overlap in cellular and
molecular properties of CE stem cells and retinal pro-
genitors. However, the CE stem cells have more in com-
mon with early than late retinal progenitors, in terms of
proliferative response to speciﬁc growth factors, ability
to generate speciﬁc retinal cell types and in the expres-
sion of speciﬁc transcripts. Given the extent of similari-
ties with early retinal progenitors and the fact that CE
progenitors display the self-renewal potential, the cardi-
nal feature of stem cells, it is likely that these cells repre-
sent a stage antecedent of retinal progenitors. Therefore,
further examination of the properties and potential of
CE stem cells will shed light on characteristics of the elu-
sive retinal stem cells.Table 1
List of antibodies used for immunocytochemical analysis
Antibodies Dilution Species Source
Brn3b 1:300 Goat Santacruz
RPF1 1:100 Rabbit Zhou et al., 1996
RetP1 1:5000 Mouse Barnstable, 1987
PKC 1:1000 Rabbit Sigma
FGFR1 1:200 Rabbit Santacruz
EGFR 1:20 Goat Santacruz
b-tubulin III 1:2000 Rabbit Covance
GFAP 1:100 Rabbit Sigma
BrdU 1:100 Rat Accurate Chem. and Sci. Corp.2. Materials and methods
2.1. Isolation of CE stem cells and retinal progenitors
Isolation and culture of progenitors from CE was
done as previously described (Ahmad, Tang, & Pham,
2000; Das et al., 2004). Brieﬂy, the eyes from adult Spra-
gue Dawley rats were enucleated and cornea, lens and
iris were removed. A strip of ocular tissue containing
CE was obtained by cutting at the anterior edge of the
pars plana. The pigmented equivalent of CE was sepa-
rated from the non-pigmented CE and was incubated
in HBSS (pH 7.0) containing collagenase (Sigma;
78 U/ml) and hyaluronidase (Sigma; 38 U/ml) for35 min at 37 C. The pigmented equivalent of CE was
dissociated by trypsinisation for another 30–35 min.
Embryos were harvested from timed pregnant (E14
and E18) rats and eyes were enucleated. Retinae were
dissected out and dissociated as previously described
(Ahmad et al., 1999). The dissociated CE/retinal cells
were cultured in RCM (DMEM/F12, 1X N2 supplement
(GIBCO), 2 mM L-glutamine, 100 U/ml penicillin,
100 lg/ml streptomycin) supplemented with FGF2
(10 ng/ml) (Collaborative Research) and EGF (20 ng/
ml) (Collaborative Research) at a density of 105 cells/
cm2 for 5–7 days. CE neurospheres were exposed to
10 lM BrdU (Sigma) in the ﬁnal 48 h and cultured on
poly-D-lysine (500 lg/ml) and laminin (5 lg/ml) coated
glass coverslips for 5–7 days.
2.2. Co-culture experiments
BrdU-tagged neurospheres were co-cultured on poly-
D-lysine and laminin coated 12 mm glass coverslips with
cell dissociates obtained from either E3 chick or PN1 rat
retinal cells in 1% FBS for 5–7 days as previously de-
scribed (James et al., 2003). At the end of culture, cells
were ﬁxed with 4% paraformaldehyde for 15 min at
4 C followed by immunoﬂuorescence analysis for vari-
ous retinal cell type speciﬁc markers. Co-culture was
carried out across 0.4 lm membrane (Millipore), to
examine the expression of retinal cell type speciﬁc tran-
scripts by RT-PCR analysis.
2.3. Immunoﬂuorescence analysis
Immunoﬂuorescence analysis was carried out for the
detection of cell speciﬁc markers and BrdU as described
previously (Ahmad et al., 1999). Brieﬂy, paraformalde-
hyde ﬁxed cells were incubated in PBS containing 5%
NGS and 0% (cell surface antigen), 0.2% (cytoplasmic
antigen) or 0.4% (nuclear antigen) Triton X100 followed
by an overnight incubation in Brn3b-, RPF1-, RetP1-,
PKC-, FGFR1-, EGFR-, b-tubulin III-, GFAP- and
BrdU-antibodies at 4 C. The list of antibodies and the
dilution used is given in Table 1. Cells were examined
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gated to Cy3/FITC. Images were captured using cooled
CCD-camera (Princeton Instruments) and Openlab
software.
2.4. RT-PCR analysis
Total RNA from the frozen cultured cells was iso-
lated using Qiagen isolation kit. cDNA synthesis was
carried out as described previously (Ahmad et al.,
1999; Bhattacharya et al., 2003a). Brieﬂy, 3–5 lg of
RNA was transcribed into cDNA in total volume of
50 ll. Transcripts were ampliﬁed using gene speciﬁc for-
ward and reverse primers (Table 2) in a step cycle pro-
gram for 25 cycles. Products were visualized by
ethidium bromide staining after electrophoresis on 2%
agarose gel.
2.5. Hoechst dye eﬄux assay
Hoechst dye eﬄux assay, for direct enrichment of
CE stem cells as side population (SP), was carried as
previously reported (Ahmad et al., 2004; Bhattacharya
et al., 2003a). CE stem cells cultured in medium con-
taining EGF and FGF2 were enriched using a Hoechst
dye eﬄux assay (Bhattacharya et al., 2003a). Brieﬂy,
dissociated cells were resuspended in Iscoves modiﬁed
Dulbeccos medium (IMDM) at a concentration of
106 cells/ml and incubated at 4 C overnight followed
by staining with Hoechst 33342 (2.5 lg/ml) at 37 C
for 60 min and sorted on a FACStar Plus (BD Biosci-
ences, Lincoln Park, NJ) cell sorter. Hoechst dye was
excited at 350 nm, and ﬂuorescence was measured at
two wavelengths using a 485 BP22 (485 nm bandpass
ﬁlter) and a 675 EFLP (675 nm long-pass edge ﬁlter)
optical ﬁlter (Omega Optical, Brattleboro, VT). The
SP region was deﬁned on the ﬂow cytometer on the
basis of its ﬂuorescence emission in both blue and red
wavelengths. Dead cells and debris were excluded by
establishing a live gate on the ﬂow cytometer using for-
ward versus side scatter. The sorted SP cells were pro-
cessed for RT-PCR analysis. The speciﬁcity of the
assay was ascertained by incubating with 100 lM of
verapamil.
2.6. Microarray analysis
Neurospheres from CE and E14/E18 retinae were
generated as described above and their stem cell/progen-
itors properties were determined before being processed
for the Microarray analysis. RNA from the neuro-
spheres was isolated using RNeasy mini kit (Qiagen).
First strand synthesis was done using Superscript II re-
verse transcriptase (Gibco) and T7(dT)24 primer at
42 C for 1 h in a total volume of 20 ll. T4gp32 was
added to enhance the ﬁrst strand synthesis (Nycz, Dean,Haaland, Spargo, & Walker, 1998; Rapley, 1994). This
was followed by second strand synthesis using DNA
polymerase I at 16 C for 2 h followed by incubation
with T4 DNA polymerase (10U) at 16 C for 5 min. This
reaction was stopped by adding 0.5 M EDTA and
cleaned up with Phenol:Chloroform:Isoamyl alcohol
method. The ﬁnal pellet was resuspended in RNase/
DNase free water. In vitro transcription was done with
Biotin-labeled nucleotides and T7 RNA polymerase at
37 C for 5 h followed by cleaning up using RNeasy col-
umn. Twenty lg of each cRNA was fragmented by add-
ing the appropriate amount of fragmentation buﬀer and
placing in a 95 C heat block for 35 min. To ensure com-
plete fragmentation, 1 lg was run on a 2% agarose gel.
Fifteen lg of each sample was mixed with other ingredi-
ents (listed in the Aﬀymetrix protocol) to make a hybrid-
ization solution of 300 ll. Hybridization to microarrays
was carried out by Research Genetics, Inc. using Rat
Genome U34A (RGU34A) microarray chips containing
sequences corresponding to 8323 known rat neurobiol-
ogy genes and 417 ESTs. For a given transcript, there
were eight diﬀerent oligos spotted on the chip distrib-
uted at diﬀerent locations and each oligo had one mis-
match and one perfect match. The hybridized arrays
were scanned using Agilent GeneArray scanner and
data were analyzed using Aﬀymetrix MicroArray Suite
Software.
2.7. Data analysis
The average diﬀerence (AD) values of the Aﬀymetrix
data output were used for further analysis, leading to
three data sets with 8746 gene expression values. Thus,
for every transcript, three values for E14, E18 and CE
cells were given. Since clustering of genes should be
performed on log2-scale, many AD measurements were
negative and a preprocessing step was necessary. First,
all negative values were set to 1. Then a log transforma-
tion with base 2 was applied to all data. To include
only genes with signiﬁcant diﬀerences in expression,
genes with log ratios smaller than 5, between any two
of the three conditions, were omitted. The remaining
genes further underwent another selection, based on
two cutoﬀs for the AD values, for high and low expres-
sion. The cutoﬀ for high expression was set to 8 on
log2-scale, such that genes with expression bigger than
28 were regarded to be highly expressed. The cutoﬀ
for low expression was set to 6, such that genes with
expression smaller than 26 were regarded to be ex-
pressed at a very low level. This guarantees a fold
change of at least 4. Furthermore, genes with AD val-
ues smaller than 26 were also excluded, since this indi-
cated a signiﬁcantly larger expression value for the
mismatch (MM) values than for the perfect match
(PM) values, and results for such genes were not
trustworthy.
Table 2
Lists of primers and their respective sequences used for RT-PCR analysis
Gene Primer sequences Annealing temp. (C) Product
size (bp)
Accession
number
b-actin
Forward 50-GTGGGGCGCCCCAGGCACCA-30 50 543 XM037235
Reverse 50-CTCCTTAATGTCACGCACGATTTC-3
FGFR1
Forward 50-CGATGATGATGACTCCTCCTCAG-3 0 56 258 NM_024146
Reverse 50-ATGCTCCAAGTGGCGTAACG-30
EGFR
Forward 50-TTGCTGATTCAGGCTTGG-30 56 310 NM_031507
Reverse 50-GATTACAGACGTGGTTCG-30
Nestin
Forward 50-TGGAGCAGGAGAAGCAAGGTCTAC-30 56 295 NM-012987
Reverse 50-TCAAGGGTATTAGGCAAGGGGG-30
Pax6
Forward 50-CCATCTTTGCTTGGGAAATCC-3 0 56 310 NM_013001
Reverse 50-TCATCCGAGTCTTCTCCATTGG-3 0
Rx
Forward 50-ATCCCAAGGAGCAAGGAGAG-3 0 54 256 AF135839
Reverse 50-TTCTGGAACCACACCTGGAC-3 0
Chx10
Forward 50-TCCGATTCCGAAGATGTTTCC-30 58 350 L34808
Reverse 50-GACTTGAGGATAGACTCTGGCAGG-3 0
Lhx2
Forward 50-AACGAGAACGATGCTGAACACC-3 0 58 374 AF124734
Reverse 50-GTCAAGTCTGTGAGGGTTGTAGGC-30
Six6
Forward 50-ACTAAGGAATCGCACGCCAAG-3 0 54 240 NM_011384
Reverse 50-TCGCTTTTTGCTGGGGTTG-3 0
Abcg2
Forward 50-TCAGTTTATCCGTGGCATCTCTG-30 52 325 NM_011920
Reverse 50-GTTGTAGGGCTCACAGTGGTAACC-3 0
Fut9
Forward 50-GTTTTACCTGGCGTTTGAGAACTC-3 0 56 237 NM_053465
Reverse 50-TGGAAGTAGCGGCGATAGACAG-3 0
Sox2
Forward 50-AGGGCTGGGAGAAAGAAGAG-3 0 56 179 NM_011443
Reverse 50-GGAGAATAGTTGGGGGGAAG-3 0
TERT
Forward 50-ACCTGCTGACCTTTCCTTCC-3 0 58 191 AJ440965
Reverse 50-CAGTAACCGAGTTGGGCAAG-3 0
Nucleostemin
Forward 50-CACAGCATACAAGTCCTCAAGGG-3 0 54 300 NM_175580
Reverse 50-GTCATAGGCATCGTCTTCTTCACTC-30
Musashi1
Forward 50-TGAAAGAGTGTCTGGTGATGCG-30 52 309 NM_148890
Reverse 50-GCCTGTTGGTGGTTTTGTCG-3 0
Ath5
Forward 50-TGGGG(I)CA(GA)GA(CT)AA(GA)AA(GA)-3 0 52 231 AF071223
Reverse 50-CAT(I)GG(GA)AA(I)GG(CT)TC(I)GG(CT)TG-3 0
Brn3b
Forward 50-TGCCTGGTGAACAGAACCTT-3 0 60 141 AF390076
Reverse 50-TCACAGAGAAATGAAGTCCGTGGC-30
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Table 2 (continued)
Gene Primer sequences Annealing temp. (C) Product
size (bp)
Accession
number
Thy1
Forward 5 0-TGCCTGGTGAACAGAACCTT-3 0 58 415 NM_012673
Reverse 5 0-TCACAGAGAAATGAAGTCCGTGGC-30
mGluR6
Forward 5 0-CACAGCGTGATTGACTACGAG-3 0 56 317 D13963
Reverse 5 0-CTCAGGCTCAGTGACACAGTTAG-30
Ath3
Forward 5 0-CGACTGGCAAGGAACTACATCTG-3 0 50 390 NM_007501
Reverse 5 0-ACTAATGCTCAGGGGTGGTGTG-30
Opsin
Forward 5 0-CATGCAGTGTTCATGTGGGA-30 64 382 U22180
Reverse 5 0-AGCAGAGGCTGGTGAGCATG-3 0
Nrl
Forward 5 0-TTTGGAGGTGGCTGGGTAGATG-3 0 50 114 NM_008736
Reverse 5 0-ACGATGCTCAGAAGTTTGGGG-3 0
Fibronectin
Forward 5 0-CATTTCTGAGTGGTCATTTCACCC-3 0 247 X05834
Reverse 5 0-CGTGGTTGGCTACCTGTGTTTC-3 0
BDNF
Forward 5 0-GCTCAGCAGTCAAGTGCCTTTG-3 0 58 324 D10938
Reverse 5 0-TGCCTTTTGTCTATGCCCCTG-3 0
ApoD
Forward 5 0-TCCTGTGGAAACTGCCTTCATC-3 0 56 341 X55572
Reverse 5 0-GCTTCACCCTCAACTTGGTTCAG-3 0
IGF BP3
Forward 5 0-AATCATCTGAAGTTCCTCAATGTGC-30 58 177 M31837
Reverse 5 0-TTTCCCCTTGGTGTCATAGCC-3 0
NGF1B
Forward 5 0-ACTTTCAGGTGTATGGCTGCTACC-3 0 62 321 U17254
Reverse 5 0-CTGGGAACAACTTCAGGGAACTC-3 0
PRG1
Forward 5 0-TATCACCTGAGCCCATCTCTGC-3 0 58 508 X96437
Reverse 5 0-CGACCAAGACTAAACTAATCCTCCC-30
KRAB ZF2
Forward 5 0-ATGCTGTCCTTCTGGGATGTGG-3 0 54 235 U67083
Reverse 5 0-CATTGAGTGCTATTCCTGGGTGC-3 0
IFN induced mRNA
Forward 5 0-AACCACACTTCTCAAGCCTTC-3 0 58 274 X61381
Reverse 5 0-TATCACCCACCATCTTCCG-30
AI169327
Forward 5 0-AGACCCCAAGGTATTGCCAG-3 0 56 159 AI169327
Reverse 5 0-TGTTTCCCTGTTCAGCCATC-3 0
AA891527
Forward 5 0-GTGGAAACCAGAACACAGCATTG-3 0 58 217 AA891527
Reverse 5 0-CATCTCTTTTGAGGAACGCAAG-3 0
H31479
Forward 5 0-ACTATGGTCAGGATGGGTGCTAAG-30 52 172 H31479
Reverse 5 0-TTTGGGAACGGACTGGTGTG-30
AA894092
Forward 5 0-GAAACCCACATTGCACAAGAAA-3 0 54 112 AA894092
Reverse 5 0-CTTTCCATGGAAGGCTAAGCTA-3 0
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For electrophysiological studies, cells were plated on
coverslips, placed in a chamber, and perfused on the
stage of an upright, ﬁxed-stage microscope (for electro-
physiology, model BHWI; Olympus, Lake Success, NY;
for imaging experiments, model E600FN; Nikon, Mel-
ville, NY) with an oxygenated solution containing NaCl,
140 mM; KCl, 5 mM; CaCl2, 2 mM; MgCl2, 1 mM;
HEPES, 10 mM; glucose, 10 mM (pH 7.4). Experiments
were performed at room temperature. For whole-cell
recording, patch pipettes were pulled on a vertical puller
(model PB-7; Narishige, Tokyo, Japan) from borosili-
cate glass pipettes 1.2 mm outer diameter, 0.95 mm in-
ner diameter; with internal ﬁlament (World Precision
Instruments) and had tips of 1–2 lm outer diameter
with tip resistances of 6–12 MX. Pipettes were ﬁlled with
a bathing solution containing KCH3SO4, 98 mM; KCl,
44 mM; NaCl, 3 mM; HEPES, 5 mM; EGTA, 3 mM;
MgCl2, 3 mM; CaCl2, 1 mM; glucose, 2 mM; Mg-aden-
osine triphosphate (ATP), 1 mM; guanosine triphos-
phate (GTP), 1 mM; and reduced glutathione, 1 mM
(pH 7.2).Fig. 1. CE stem cells have distinct proliferative responsiveness to
speciﬁc mitogens. Cell dissociates, when cultured in serum-free
medium supplemented with mitogens, generate neurospheres. The
number of neurospheres generated is signiﬁcantly higher in the
presence of EGF/FGF2/EGF+FGF2 than in FBS control. A compar-
ison between mitogens treated group shows that CE stem cells generate
signiﬁcantly more neurospheres in the presence of FGF2 than in EGF
(A). The preferential responsiveness of CE stem cells towards speciﬁc
growth factors is due to diﬀerential expression of FGFR1 and EGFR
(B–E). Data are expressed as mean ± SEM from triplicate culture of
three diﬀerent experiments. *** = p < 0.001 when compared to FBS
control. ·200.3. Results
3.1. Proliferative potential and progenitor properties of
CE stem cells
The initial characterization of CE stem cells demon-
strated that unlike embryonic retinal progenitors, they
demonstrate self-renewal potential in vitro (Ahmad
et al., 2000; Ahmad et al., 2004; Tropepe et al., 2000). This
distinction is likely due to diﬀerence in the proliferative
potential of the two cell populations. To investigate the
proliferative potential of CE stem cells, cell dissociates
from pigmented portion of the adult CE were cultured
in the presence of mitogens, EGF/FGF2/EGF+FGF2.
A subset of cells showed proliferative response and gen-
erated neurospheres. The number of neurospheres was
signiﬁcantly higher in the presence of mitogens than in
the presence of FBS only, suggesting the need of exoge-
nous factors to sustain the generation of neurospheres
(Fig. 1A). The proportion of neurospheres was signiﬁ-
cantly higher in FGF2 than in EGF, suggesting that
CE stem cells, like early retinal stem cells/progenitors,
preferred FGF2 for proliferation and both EGF and
FGF have a synergistic eﬀect on the proliferation of
CE stem cells and neuropshere formation (James, Das,
Rahnenfuhrer, & Ahmad, 2004). We observed that the
neurospheres formed in the presence of EGF were smal-
ler (40 lm) in size when compared to those formed in
the presence of FGF2 (200 lm), suggesting that bigger
neurospheres might be generated by a population of
cells with self-renewal potential whose proliferation issustained by FGF2 than EGF. This notion was exam-
ined further by analyzing the expression of EGFR and
FGFR1 that showed the levels of FGFR1 immunoreac-
tivities in neurospheres were higher compared to those
of EGFR (Fig. 1B–E). The relative ability of cells in
large neurospheres, those formed in the presence of
FGF2, to generate secondary neurospheres was signiﬁ-
cantly higher than those in small neurospheres, formed
in the presence of EGF (relative frequency:0.2% vs.
0.05%) suggesting that the latter may represent a pre-
cursor population with limited proliferative potential
which can sustain limited rounds of division thus giving
rise to smaller neurospheres.
Next, to ascertain that the proliferative responsiveness
involves progenitor population, we examined the expres-
sion of progenitor markers in proliferating cells. The
Fig. 2. CE stem cells are distinguished from retinal progenitors by
diﬀerential expression pattern of speciﬁc stem cell/progenitor markers.
Cell dissociates of adult CE, and early (E14) and late (E18) retina were
cultured in the presence of growth factors for 5–7 days and the primary
neurospheres thus formed were analyzed for the expression of
transcripts corresponding to universal neural stem cell/progenitor
markers and retinal progenitor markers by RT-PCR (A). Cells in the
CE neurospheres are distinct from those in retinal neurospheres in
signiﬁcantly low levels of expression of retinal stem cell/progenitor
markers Chx10, Six6, Lhx2 and Rx. Temporal RT-PCR analysis
showed that the expression of these transcripts in CE neurospheres is
detectable in the beginning, but decrease with the time in the culture
(B). The expression of ABCG2 and Musashi1, though relatively low in
CE stem cells, remains stable in the culture. Hoechst dye eﬄux assay
carried out on CE cell dissociates reveals a distinct side population
(SP) cells which absent in the presence of verapamil, at a concentration
of 100 lM. CE SP cells, like E14 and E18 retinal SP cells, express
transcripts corresponding to nestin and Pax6 (C). E14: early retinal
progenitors, E18: late retinal progenitors, CE: ciliary epithelial stem
cells. 1–0 h, 2–12 h, 3–24 h, 4–48 h in the culture, M: marker.
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those in retinal neurospheres expressed pan neural stem
cell/progenitor marker, Nestin and retinal stem cell/pro-
genitor marker Pax6, suggesting that mitogens promoted
the proliferation of progenitor cells (Ahmad et al., 2000;
Das et al., 2004). To know whether or not CE stem cells
and retinal progenitors diﬀer in their progenitor proper-
ties, we carried out a comparative analysis of the expres-
sion patterns of universal neural (Pevny & Rao, 2003)
and retinal (Ahmad et al., 2004) stem cell/progenitor
markers (Fig. 2A). CE and retinal stem cells/progenitors
were cultured under growth factor conditions for 5–7
days and primary neurospheres were analyzed for the
presence of universal neural/retinal stem cell/progenitor
markers. We observed that CE stem cells, and early
and late retinal progenitors shared the expression of
the majority of markers. However, CE stem cells could
be distinguished from their retinal counterparts by rela-
tively low levels of certain transcripts, particularly those
corresponding to Rx, Lhx2, Chx10 and Six6. To deter-mine if such distinct patterns of expression of speciﬁc
markers in the CE stem cells reﬂected a characteristic
that is inherent or acquired in vitro, we carried out a tem-
poral analysis of the expression of selected markers.
Transcripts corresponding to Rx, Lhx2, Chx10 and
Six6 were detected in CE cells after 12 h in the culture.
Twenty four hours later, levels of these transcripts de-
creased signiﬁcantly and remained depressed for the
duration of the culture, suggesting that the low expres-
sion level of these markers by CE stem cells in vitro
may be a function of culture conditions (Fig. 2B).
The expression of ABCG2, a member of ATP-bind-
ing cassette (ABC) transporter family, is attributed to
stem cells/progenitors ability to exclude the Hoechst
dye 33342 and therefore their enrichment as SP cells in
Hoechst dye eﬄux assay (Zhou et al., 2001). Retinal
progenitors, that express ABCG2, can be directly en-
riched as SP cells (Bhattacharya, Das, Cowan, & Ah-
mad, 2003b). Hoechst dye eﬄux assay carried out in
CE dissociates revealed SP cells that excluded the dye.
The emergence of CE SP cells was sensitive to the inhib-
itor, verapamil, at a concentration (P50 lM) that sug-
gested the involvement of ABCG2 transporter
(Scharenberg, Harkey, & Torok-Storb, 2002). CE SP
cells, like retinal SP cells, expressed neural progenitor
marker, nestin and retinal progenitor marker, Pax6, thus
suggests their progenitor nature (Fig. 2C).
3.2. Pan neural potential of CE stem cells
CE stem cells have been demonstrated to possess the
potential to diﬀerentiate along neuronal and glial lineage
(Ahmad et al., 2000; Das et al., 2004; Tropepe et al.,
2000). Under diﬀerentiation conditions, CE stem cells
express both the neuronal marker, b-tubulin III (Fig.
3A) and the astrocytic marker, GFAP (Fig. 3B). To
know whether diﬀerentiated CE stem cells, that display
biochemical and molecular neuronal phenotypes also
possess characteristic of functional neurons, we per-
formed whole cell recording from CE neurospheres
grown in diﬀerentiating conditions (Fig. 3C–E). Volt-
age-dependent currents were evoked by a series of
20 mV voltage steps (150 ms, 110 to 70 mV), applied
from a holding potential of 70 mV. We observed cells
displaying neuronal features, such as a rapidly activat-
ing inward current evoked above 30 mV, attributed to
sodium current (INa) and a sustained outward current,
attributed to potassium current (IK).
3.3. Retinal potential of CE stem cells
The expression of markers speciﬁc to retinal progen-
itors by CE stem cells suggested that they might possess
the potential to diﬀerentiate into retinal neurons. To test
this premise, we examined their ability to generate the
early (e.g., RGCs) and late (e.g., rod photoreceptors
Fig. 4. CE stem cells possess the potential to diﬀerentiate along RGC
lineage. BrdU-tagged CE neurospheres were co-cultured with embry-
onic day 3 (E3) chick retinal cells for 5–7 days and examined for the
expression of RGC markers, Brn3b (A–D) and RPF1 (E–F). The
proportion of BrdU positive cells expressing Brn3b/RPF1 increased
signiﬁcantly as compared to FBS control (G). RT-PCR analysis was
carried out on CE neurospheres, co-cultured with E3 chick retinal cells
across a membrane to corroborate immunocytochemical results.
Transcripts corresponding to RGC regulatory markers, Brn3b and
Ath5 and RGC phenotype speciﬁc marker, Thy1, increased in co-
culture condition (lane 2) than in the control (lane 1) (H). Data are
expressed as mean ± SEM from triplicate culture of three diﬀerent
experiments. * = p < 0.05. ·200.
Fig. 3. CE stem cells exhibit electrophysiological properties typical of
neurons. CE neurospheres were cultured in diﬀerentiating condition
and cells were analyzed for the expression of neuronal markers, b-
tubulin III (A) and glial marker, GFAP (B). Cells with neuronal
morphology were targeted for whole cell patch clamp recording.
Membrane currents evoked in a diﬀerentiated CE stem cell by a series
of voltage steps (150 ms, 110 mV to +70 mV) applied from a holding
potential of 70 mV (C). Depolarizing step from 70 to +10 mV
evoked an initial transient inward current (arrow) typical of voltage-
gated sodium channels (D). Graph (E) shows the current/voltage
proﬁles for peak inward and outward currents. Pronounced inward
and outward currents were evoked above 30 mV.
1660 A.V. Das et al. / Vision Research 45 (2005) 1653–1666and bipolar cells) born retinal neurons, as ascertained by
the expression of the regulators of speciﬁc cell types and
phenotype-speciﬁc markers. First, we analyzed the reti-
nal potential of BrdU-tagged CE stem cells when co-cul-
tured with cells from embryonic day 3 (E3) chick
retinae. We have demonstrated previously that E3 chick
retina contains RGC promoting activities, which inﬂu-
ence the diﬀerentiation of retinal progenitors into
RGC (James et al., 2003). BrdU-positives cells were ob-
served expressing RGC regulatory factors, Brn3b and
RPF1, in the presence of either FBS (control) or E3
chick retinal conditioned medium (Fig. 4A–I). However,
the proportion of BrdU-positive cells expressing Brn3b
and RPF1 was signiﬁcantly higher in the presence of
E3 chick retinal cells than in the FBS control (Brn3b:
15.74 ± 2.56 vs. 5.9 ± 1.02, p < 0.01; RPF1: 21.49 ± 2.0
vs. 7.71 ± 1.47, p < 0.01), suggesting that CE stem cells
respond to RGC promoting epigenetic cues. Results ob-
tained from immunocytochemical analysis were corrob-
orated by RT-PCR analysis of RNA obtained from CE
stem cells, cultured with E3 chick retinal cells across a
membrane (Fig. 4J). This approach also addressed the
possible concern of the acquisition of RGC properties
by CE stem cells by fusion in co-culture conditions.
Transcripts corresponding to RGC marker, Thy1 and
RGC regulatory factors Ath5 and Brn3b were detected
in CE stem cells, cultured either in FBS or E3 chick ret-
inal culture medium. As observed for RGC-speciﬁc
immunoreactivities, levels of these transcripts were sig-
niﬁcantly higher in the latter than in the former. To-gether, these observations suggested that CE stem cells
possess the ability to generate RGCs.
We used a similar experimental paradigm to test the
ability of these cells to generate rod photoreceptors
and bipolar cells. BrdU-tagged CE stem cells were co-
cultured with PN1 rat retinal cells that have been shown
to elaborate activities that promote the diﬀerentiation of
late-born retinal cells (Bhattacharya et al., 2003a; James
et al., 2003). The immunocytochemical results were cor-
roborated by RT-PCR analysis of CE stem cells, co-cul-
tured with PN1 rat retinal cells, across the membrane.
BrdU-positive cells were observed expressing a rod pho-
toreceptor-speciﬁc marker, opsin and a bipolar cell-spe-
ciﬁc marker, PKC, in the presence of FBS and PN1 rat
retinal cells (Fig. 5A–I). However, the proportion of
BrdU-positive cells expressing opsin and PKC was sig-
niﬁcantly higher in the presence of PN1 rat retinal cells
than in FBS control (opsin: 8.73 ± 0.71 vs. 1.06 ± 0.13;
PKC: 9.29 ± 0.51 vs. 1.21 ± 0.17, p < 0.001). Similarly,
transcripts corresponding to regulators and markers of
the rod photoreceptor (e.g., Nrl and opsin) and bipolar
cells (e.g., Ath3 and mGluR6) were detected in CE stem
cells, whose levels increased when cells were cultured in
the presence of PN1 rat retinal cells as compared to FBS
controls (Fig. 5J). Both these observations suggested
that CE stem cells have the potential to generate late
Fig. 5. CE stem cells are able to diﬀerentiate along late retinal lineage.
BrdU-tagged CE neurospheres were co-cultured with PN1 rat retinal
cells for 5–7 days and examined for the expression of photoreceptor
speciﬁc marker, opsin (A–D) and bipolar speciﬁc marker, PKC (E–H).
The proportion of BrdU positive cells expressing opsin/PKC increased
in the presence of PN1 retinal cells as compared to FBS control (G).
RT-PCR analysis carried out on CE neurospheres, co-cultured with
PN1 retinal cells across a membrane, to corroborate the immunocy-
tochemical results. The expression of transcripts corresponding to the
regulators and markers of photoreceptors (Nrl, opsin) and bipolar cells
(Ath3, mGluR6) increase in the presence of PN1 retinal cells (lane 2)
than in controls (lane 1) (H). Data expressed as mean ± SEM from
triplicate cultures of three diﬀerent experiments. **p < 0.01. ·200.
Fig. 6. CE cells preferentially generate RGCs. BrdU-tagged CE
neurospheres were cultured in the presence of 1% FBS and analyzed
for the expression of markers speciﬁc to RGC (Brn3b), photoreceptor
(opsin) and bipolar cell (PKC). The proportion of BrdU positive cells
expressing Brn3b was signiﬁcantly higher than those expressing opsin
or PKC, suggesting that these cells are biased towards diﬀerentiating
along RGC lineage. Data expressed as mean ± SEM from triplicate
cultures of three diﬀerent experiments. *p < 0.05. ·200.
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enced by epigenetic cues.
While CE stem cells displayed the ability to generate
retinal neurons, the lower proportion of cells expressing
markers corresponding to rod photoreceptors and bipo-
lar cells as compared to those expressing RGC markers
suggested their potential for generating speciﬁc retinal
cell types are diﬀerent. To test this notion, we deter-
mined the proportion of CE stem cells expressing
RGC, rod photoreceptor and bipolar cell speciﬁc mark-
ers, when exposed to identical culture condition i.e., in
the presence of FBS. We observed that the proportion
of BrdU-tagged CE stem cells expressing Brn3b was sig-
niﬁcantly higher than those expressing opsin or PKC
(Brn3b: 5.9 ± 1.02; opsin: 1.06 ± 0.13; PKC:
1.21 ± 0.17, p < 0.001), suggesting that these cells are
biased towards generating RGCs (Fig. 6).
3.4. Transcriptional proﬁle of CE stem cells
The analysis of the proliferative and diﬀerentiation
potential of CE stem cells demonstrated their similarities
with retinal progenitors. To determine the molecular cor-
relates of the shared cellular properties, we compared the
transcriptional proﬁles of CE stem cells with early andlate retinal progenitors. Biotinylated-cRNA probes cor-
responding to transcripts from CE, and E14/E18 retinal
progenitors were hybridized with cDNAs corresponding
to 8323 known rat neurobiology genes and 417 ESTs on
U34A Aﬀymetrix Arrays. The hybridized arrays were
scanned using Agilent GeneArray scanner and the raw
data were initially normalized against housekeeping
genes represented in the array. The analysis of hybridiza-
tion data, using the Aﬀymetrix MicroArray Suite Soft-
ware, provided the average diﬀerence (AD) values for
the expression of 8740 genes, for three groups. The AD
values were subjected to box plot analysis to normalize
inter-sample variations. The box plot of all possible val-
ues, plotted on log2-scale were similar, therefore no fur-
ther normalization was applied (Fig. 7A). Fig. 7B shows
scatter plot analysis that identiﬁed candidate genes ex-
pressed in three diﬀerent groups that passed the selection
on the basis of ABS call and DIFF call and had a fold
change above 5 or below 1/5. Using the above criteria,
2968 genes were identiﬁed that showed diﬀerential
expression pattern between CE stem cells and early and
late retinal progenitors in proliferating conditions. This
represented the core 33.72% of genes on the array, whose
expression was distributed among the three progenitor
populations. Out of these, the expression of 80.38% of
genes was shared by all three progenitor-populations.
Analysis of the overlapping patterns of expression of
genes in the core group revealed 6.68% of genes whose
expression was shared between CE stem cells and the
early retinal progenitors and 0.61% genes whose expres-
sion was common between the CE stem cells and the late
retinal progenitors and 6.94% of genes were predomi-
nantly expressed in CE stem cells. Expression patterns
of a few of those genes were corroborated by RT-PCR
Fig. 7. Identiﬁcation of diﬀerentially expressed genes in CE stem cells
and retinal progenitors by microarray analysis. Neurospheres gener-
ated by CE stem cells, early (E14) and late (E18) retinal progenitors in
proliferating condition were subjected to microarray analysis. Box
plots analyze intersample variations (A) and scatter plots of arrays
identify outlying genes (red spots) whose expression diﬀers between CE
and E14/E18 stem cells/progenitors in proliferating condition (B). (For
interpretation of colors in the ﬁgure legends, the reader is referred to
the web version of this article.)
Fig. 8. Overlaps in the expression of genes between CE stem cells and
retinal progenitors. Venn diagram (A) represents the number of genes
expressed in CE stem cells, early (E14) and late (E18) retinal
progenitors and their overlaps. The CE stem cells have the expression
of more unique genes in common with early (6.68%) than late (0.61)
retinal progenitors. The three populations of ocular neural stem cells/
progenitors share 80% (2386) of 2968 genes expressed. The diﬀeren-
tial expression pattern of those overlapping genes and those that are
expressed preferentially in CE stem cells (6.94%) was corroborated by
RT-PCR analysis. Genes listed by accession number can be identiﬁed
in Fig. 9. (1) E14 retinal progenitors; (2) E18 retinal progenitors; (3)
CE stem cells; M: marker.
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went another selection where genes with expression less
than 10-fold were eliminated. Using the above criterion
85 genes were selected, 60 of which were known genes
and 25 (29.41%) were ESTs. The known genes were di-
vided into functional groups (Fig. 9A and B). Of all
groups, those belonging to the cell-signaling group com-
prised the majority of the genes (22%). The rest were
grouped under cytoskeleton (14.18%), metabolism
(11.76%), DNA binding/transcription (7.06%), growth
factors (7.06%), translation/protein traﬃcking (3.53%),
cell cycle (1.18%) and immune related (1.18%). A com-
prehensive list of diﬀerentially expressed genes in CE
stem cells as compared to those in the early and late ret-
inal progenitors, in terms of fold change in relative
expression levels, is provided as the supplemental data
(Supplemental data; Table 1 and Table 2).4. Discussion
The CE is a neuroepithelial derivative, arising from
the region between the prospective RPE and retina, inthe optic vesicle. In the adult animal, it regulates accom-
modation and aqueous humor production. Recent at-
tempts to examine the presence of progenitor
populations in the adult retina have led to observations
that the CE in vertebrates, including mammals, harbors
neural stem cells (Ahmad et al., 2000; Fischer & Reh,
2000; Tropepe et al., 2000). These cells represent a mito-
tic quiescent population of cells that proliferate in vivo
(Das et al., 2004; Fischer & Reh, 2000) and in vitro (Ah-
mad et al., 2000; Tropepe et al., 2000), in response to
growth factors. Analyses of proliferative and diﬀerentia-
tion potential of these cells in vitro suggest that they
possess the characteristics of neural stem cells; they
can self-renew and are multipotent in terms of their abil-
ity to generate both neurons and glia (Ahmad et al.,
2000; Das et al., 2004; Tropepe et al., 2000). In addition,
evidence points towards their potential to diﬀerentiate
along retinal lineage (Ahmad et al., 2000; Tropepe
et al., 2000). Given their stem cell properties with retinal
potential, their origin in the optic neuroepithelium and
close proximity to the retina, these cells are thought to
be evolutionarily analogous to retinal progenitors found
in the peripheral margin of the adult retina, called the
ciliary margin zone (CMZ), in lower vertebrates like ﬁsh
and frogs, that generate retinal neurons throughout life
(Ahmad, 2001; Perron & Harris, 2000; Raymond &
Hitchcock, 2000; Reh & Fischer, 2001). However, these
Fig. 9. Relative expression of genes enriched in CE stem cells and retinal progenitors and their functional categorization. The largest shared group of
genes between CE stem cells and retinal progenitors (80.38%; Fig. 8) underwent another round of selection, where genes with expression less than 10-
folds were eliminated. Using the above criteria 85 genes were selected, represented by their relative expression levels in red (highest) and green
(lowest) color intensities. These genes were assigned to their functional categories. R = color range corresponding to fold change in expression. (For
interpretation of colors in the ﬁgure legends, the reader is referred to the web version of this article.)
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embryonic retina, at least in one important aspect; while
the former possess cell autonomous self-renewal capa-
bility, the latter do not (Ahmad et al., 2000). Therefore,
CE-derived progenitors are characterized as stem cells,
while proliferating cells in the embryonic retina qualify
as progenitors. Since retinal diﬀerentiation involves a
transition from stem cell stage to progenitor/precursor
stage, this distinction suggests that a comparative anal-
ysis of cellular and molecular properties of CE stem cells
and retinal progenitors may shed light on the relation-
ship between the two and therefore, on cells antecedent
to the latter.
Our analyses point towards a signiﬁcant overlap in
cellular and molecular properties between the CE stem
cells and retinal progenitors in general, however, in each
instance of comparison, they appear more similar to
early than late retinal progenitors. For example, while
CE stem cells generate neurospheres in response to
growth factors, the extent and nature of their prolifera-
tive response are comparable to early retinal progeni-tors. Unlike late retinal progenitors, both cell types
generate more neurospheres in the presence of FGF2.
We have shown previously that the distinct proliferative
response of early and late retinal progenitors to speciﬁc
growth factors is likely due to the fact that the early and
late retinal progenitors predominantly express FGFR1
and EGFR, respectively (James et al., 2004). CE stem
cells are also partial towards expressing FGFR1 and
such a preferential expression of growth factor receptors
may underlie the fact that their proliferative response is
comparable to that of early retinal progenitors. The
preference of both CE stem cells and early retinal pro-
genitors for FGF2 points towards a general property
of stem cells/progenitors in early stage of neurogenesis
throughout the CNS (Temple, 2001; Tropepe et al.,
1999) and therefore, suggests a possible lineal relation-
ship between the two. Examination of the retinal poten-
tial of CE stem cells showed that these cells can
diﬀerentiate into either early or late born retinal neurons
and like retinal progenitors, they are intrinsically com-
petent to respond to epigenetic cues that are known to
Fig. 9 (continued)
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(James et al., 2003). However, the expression of cell-spe-
ciﬁc markers showed that CE stem cells preferably gen-
erate RGCs than late born neurons, like rod
photoreceptors and bipolar cells. Such an overlap in cel-
lular properties is extended to the transcriptional pro-
ﬁles of CE stem cells and retinal progenitors. As
expected, because of their progenitor nature and similar
origin, these cell populations shared the majority
(80%) of expressed genes belonging to diﬀerent func-
tional classes. However, the observation that CE stem
cells share expression of more unique genes with early
than late retinal progenitors demonstrate that cellular
properties in common between the two cell types may
be underpinned by the shared expression of a speciﬁc
subset of unique genes.
Despite these similarities, the CE stem cells appear
distinct from retinal progenitors in expressing relatively
low levels of transcripts corresponding to retinal progen-
itor markers, Rx, Chx10, Lhx2 and Six6, in vitro. While
retinal progenitors maintain the expression of these
genes in vitro, the CE stem cells could not. Levels of their
transcripts in CE stem cells decrease in proliferating con-
dition, suggesting that their expression is refractory in
comparison to genes that encode nestin and Pax6 whose
levels remain relatively stable in vitro. Other stem cell/
progenitor markers whose expression in CE stem cells re-
mains stable in vitro include TERT, Fut9, Nucleostemin,ABCG2 and Musashi (data not shown). If the CE stem
cells represented a stage antecedent to the early retinal
progenitors, as suggested by the shared cellular and
molecular properties, the refractory nature of the expres-
sion of a group of genes, all known to play critical roles
in retinal diﬀerentiation (Zhang, Fu, & Barnstable,
2002), points towards a transition from the state of stem
cells to progenitors as development takes place in the op-
tic neuroepithelium. In this scheme, the CE stem cells or
their retinal counterparts are characterized by the expres-
sion of universal stem cell markers such as TERT and
ABCG2, and pan neural stem cell markers, Fut9, nestin
and Musashi1. Their ocular phenotype is characterized
by the stable expression of Pax6, a gene occupying rather
the top position in the hierarchy of the regulation of eye
development (Ashery-Padan & Gruss, 2001), and transi-
tory expression of ocular regulatory genes, Rx, Chx10,
Lhx2 and Six6. This is the state where they possess a cell
autonomous potential to self-renew. In response to sto-
chastic activation of intrinsic factors or to temporally ar-
rayed epigenetic cues, these cells progressively lose their
cell autonomous self-renewal potential and acquire sta-
ble expression of Rx, Chx10, Lhx2 and Six6, while mov-
ing towards the progenitor state. This is the state likely to
be represented by the early retinal progenitors. As retinal
histogenesis ensues and the extra cellular milieu changes,
late retinal progenitors emerge, distinguishing them-
selves from their early counterparts by their preferential
Fig. 10. A schematic representation of a putative relationship between
the adult CE stem cells and embryonic retinal progenitors. The adult
CE stem cells are characterized by stable and refractory expression of
universal neural stem cell/progenitor markers and retinal stem cell/
progenitor markers. Pax6 is an exceptional retinal progenitor marker,
where expression is stable in CE stem cells. In addition to possessing
refractory expression of retinal stem cells/progenitor markers, CE stem
cells are distinguished from retinal progenitors by possessing cell
autonomous self-renewal potential and preference for FGF2 for
proliferation. The putative retinal stem cells may possess similar
characteristics and may progress towards the next stage deﬁned by the
early retinal progenitors, where the previously cell autonomous self-
renewal potential, becomes non-autonomous (Ahmad et al., 2004) and
the expression of retinal progenitor markers becomes relatively stable.
The progress of the early retinal progenitors to late retinal progenitors
is characterized by the acquisition of proliferative responsiveness,
predominantly to EGF. This scheme is based on the properties of stem
cells/progenitors displayed in vitro.
A.V. Das et al. / Vision Research 45 (2005) 1653–1666 1665responsiveness to EGF over FGF2 and their relative bias
towards generating glia (Fig. 10) (James et al., 2004).
Further study of the cellular and molecular properties
of CE stem cells may shed light on the characteristics
of the retinal stem cells.Acknowledgments
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